The AlGaN/GaN ultraviolet detector with dual band response is investigated by a self-consistent solution of the Poisson-Schrödinger equation. Because of the polarization effect, the AlGaN/GaN UV detector with dual band response can be realized by varying the external voltage. At a low external voltage, the detector is mainly sensitive to the short wavelength. When the increasing external voltage is larger than the critical voltage, the detector has an obvious dual band response characteristic and the critical voltage is calculated. This characteristic makes nitride-based UV detector a larger potential application to develop multi band response by adjusting the Aluminum mole fraction in the AlGaN layer or even by using the AlGaN/GaN/InGaN heterostructure.
In recent years, nitride-based photo detectors have been developed rapidly due to their wide band gap range from 0.7 eV to 6.2 eV and high absorption coefficient as well as solar blind for ultraviolet (UV) detecting. [1, 2] Among them, AlGaN/GaN UV detectors have received much more attention because of their wide commercial and military applications and excellent performance, including high responsivity and high speed response. [3, 4] Especially, AlGaN/GaN p-i-n structure has the potential to develop the UV detector with high speed response and low dark current for UV detecting. Polarization effect is an important property for nitride-III material and has been researched thoroughly. [5, 6] Although the influence of the polarization effect on the performance of AlGaN/GaN pi-n structure UV detector has been reported, [7] the dual band property has not been found. Recently, Korona et al. [8] reported the tunable GaN/AlGaN UV detectors with build-in electric field and the dual band property was confirmed in theory. However, they didn't give a systematic discussion, especially for the critical voltage. Asgari et al. [9] also gave some relate report. However, their research mainly indicated that the polarization effect of the AlGaN/GaN heterostructure causes the detector performance red shift.
In this Letter, we investigate the influence of the polarization effect on the performance of the AlGaN/GaN p-i-n structure UV detector by selfconsistent solution of Poisson-Schrödinger equation for the first time. It is found that AlGaN/GaN UV detectors with dual band response can be realized by varying the external voltage and the critical voltage is calculated.
The sample with mesa structure in the work has Ga-polarity, it consists of 2-µm-high n-doped GaN, Figure 1 shows the sample structure. Because of the polarization effect, there are a large number of polarization charges at the interface of AlGaN/GaN heterostructure. For Ga-polarity, the polarization charges are positive at the lower GaN/AlGaN/GaN interface and serve to attract high concentrations of electrons forming two-dimensional electron gas (2DEG). The two-dimensional hole gas (2DHG) can form at the upper interface with the negative polarization charges. [10] Due to these polarization charges, there is a strong build-in electric field in the AlGaN layer. In fact, due to the partial relaxes by defects and the non-sharp transition, there is a certain degree of interdiffusion for the Al faction at the AlGaN/GaN interface during the heteroepitaxy, the polarization effect is reduced greatly. [11, 12] Consequently, the polarization charges of a sheet den- sity of around 10 12 cm −2 and the sheet concentration of 2DEG has the same order. We assume that the polarization charges are 10% of the theoretical value. [13, 14] Based on this structure, the band gap diagram is calculated by solving the self-consistent Poisson-Schrödinger equation, the result is shown in Fig. 2 . It is indicated that the electric field with different directions is formed in the structure without external voltage, especially in the UID GaN layer and it agrees well with the measured results. However, this situation can be varied by applying a reverse external voltage, as shown in Fig. 3 . When the reverse external voltage is larger than 1.7 V, the electric field in both the AlGaN layer and the GaN layer has the same direction because the 2DEG is depleted gradually with increasing reverse voltage. When the reverse external voltage increases to a critical voltage, the 2DEG is completely depleted rightly. The electric field of one direction is formed, which mainly concentrates on the AlGaN layer corresponding to a short cut-off wavelength. However, with the reverse external voltage increasing, the electrons in the UIDGaN layer also begin to be depleted and the depletion region is extended to the UID-GaN layer corresponding to a long cut-off wavelength. The depletion region consists of a AlGaN layer and a UID-GaN layer, which corresponds to both the short and long cut-off wavelengths. Therefore, an AlGaN/GaN p-i-n structure UV detector with dual band response is formed. Furthermore, according to the Poisson equation and electric neutrality, the reverse critical voltage can be calculated by
where is the positive polarization charge at the AlGaN/GaN interface, is the dielectric constant of AlGaN, is the elementary charge, is the hole concentration in AlGaN layer and is the build-in potential of the p-AlGaN/UID-GaN junction. From Eq. (1), if the doped concentration in the AlGaN layer is large enough, even the external voltage is zero, the UID-GaN layer is also depleted. The AlGaN/GaN p-i-n structure UV detector is dual band response at the external voltage of zero. In our sample, is 2.0 × 10 17 cm −3 , the reverse critical voltage is 1.7 V. For the minority carrier life time of 1 ns, [16, 17] the carrier continuity, current density equations and responsivity are calculated at different external voltages, as shown in Fig. 4 . In calculation, an analytical negative-differential-mobility (NDM) is adopted, which includes the concentration and temperaturedependent low-field mobility and the field-dependent high-field mobility. [18] The absorption coefficient is related to the imaginary part of the optical index of refraction. Here the modified Adachi refractive index model is adopted. In Fig. 4 , the AlGaN/GaN UV detector with dual band response appears for both the external voltage of −5 V and the critical voltage, one cut-off wavelength is about 323 nm and the other is about 363 nm. It is found that the two responsivities are similar in the short wavelength. However, they look so different in the long wavelength. For the high sheet density of polarization charges at the AlGaN/GaN interface, the build-in electric field caused by polarization is so 057802-2 large that it reaches the order of MV/cm. Thus, the drift velocity of the carriers reaches the saturation and cannot be disturbed much more by the electric field caused by the external voltage. Consequently, the responsivity of the short wavelength is not much different for the two external voltages. For the long wavelength, it is mainly absorbed in the GaN layer, where the electric field is different. At the external voltage of −5 V, the 2DEG has been depleted completely and the UID GaN layer has been depleted and has a large electric field. Therefore, all the photo-generated carriers can be transported to the electrodes by drift without any barrier. So, the photocurrent and the corresponding responsivity are very large. At the reverse critical voltage, the 2DEG is depleted rightly and there is no electric field in the UID-GaN layer near the AlGaN/GaN interface. However, a small electric field is formed in the junction between the UID-GaN layer and the high n-doped GaN layer due to different doping concentrations. Thus, the photogenerated electrons in this junction can drift to the cathode directly, while the photo-generated holes drift to the non-depleted region in the GaN layer at first and then recombine with the photo-generated electrons to form a small photocurrent. In addition, the photo-generated holes near the AlGaN/GaN interface can reach the AlGaN layer by diffusing and then drift to the anode to form a small photocurrent too, as shown in Fig. 5 . Thus, at the reverse critical voltage, the photocurrent still exists, it is very small and the corresponding responsivity is also much smaller than that of the reverse external voltage of −5 V. Therefore, compared with other heterostructure detector influenced by the polarization charges, the AlGaN/GaN p-i-n structure UV detector is sensitive to both the long wavelength and short wavelength when the reverse external voltage is larger than the critical voltage. However it is mainly sensitive to the short wavelength when the external voltage is lower than the critical voltage. In addition, though the above discussion assumes that the polarization charge is 10% of the theoretical value, the relaxation degree of the polarization effect does not influence the dual band response characteristic directly and just influences the critical voltage according to Eq. (1).
In summary, AlGaN/GaN UV detectors with dual band response have been investigated by solving the self-consistent Poisson-Schrödinger equation. Because of the polarization effect, the AlGaN/GaN UV detector with dual band response can be realized by varying the external voltage and the critical voltage is calculated. According to the theory, the detectors with multi band response can be realized in applications by adjusting the Al mole fraction in the AlGaN layer or even by AlGaN/GaN/InGaN heterostructure.
